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A WEIBULL MODEL TO ESTIMATE RESIDUAL AND
CRITICAL VELOCITIES FOR TARGET PENETRATIONS

D. CLARK
L. CROW

J. SPERRAZZA

1. INTRODUCTION

A number of procedures have been proposed for estimating from test
data the functional relationship between Vr, the residual velocity of a

projectile after penetration of a target and V5 , its striking velocity.

Examples of these are models based on the hyperbolic [1] and exponential
[4] reiationships

V2  eB(1- Vs/Vc)
S-AV + B and

r " r s c

respectively. In these models, Vc, the critical velocity is defined as

the V5 intercept when Vr = 0.

Another penetration prediction model is the Johnson equation [2]

K4(V - VK5_[V = (V - Vc)[eK4 s Vc)

where

V= K (sec -1)[eK2 (A/M x 10 3 )K3

V c (se e-1[e

and 0 is striking obliquity angle in degrees, A is fragment presented
Sarea in cm2 , M is fragment weight in grams and K1, K2 , K3 , K4, and K5

are constants to be estimated from the data. For this model the critical
S.4 velocity is not directly estimated from test data. Instead, the

critical velocity is determined by using the estimated V 's from an
C

empirical model, such as the hyperbolic, fitted to several sets of
data to estimate the constants K1 , K2 and K3 .

j,-For meaningful applications of these prediction models in ballistic
studies, it is important that they realistically represent the relation-
ship between striking and residual velocity and provide adequate estimates
of the critical velocity V c. Various applications of the penetration

models mentioned above have demonstrated, however, that in many cases

b ,9
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they do not sufficiently describe this relationship.

In this report we propose a procedure based on the versatile
three-parameter Weibuill distribution function for estimating the
relationship between the residual and striking velocities of a projectile
from test data. This model has many shapes, as illustrated in the next
section, which should make it useful for fitting ballistic data over a
wide range of firing conditions for various types of projectiles. In
Section 3 we discuss nonlinear estimation procedures for fitting this
model to test data. These procedures utilize striking velocities with
zero residuals to help estimate the three unknown parameters, including
the critical velocity. In Appendix A we list a computer program for
estimating these parameters and illustrate its use by fitting the Weibull
model to several sets of penetration data. In Section 4 we compare the
Weibull and hyperbolic models on eight sets of penetration data.

"2. THE WEIBULL MODEL

Consider a continuous functional relationship Vr = G(Vs), between

striking velocity and residual velocity, with other impact conditions
fixed. We assume that the function G describing this relationship
satisfies the following conditions:

(i) G(V) 0 0 < Vs< c
(ii) G(Vs) > 0 Vs >V

(iii) Vs > G(Vs) V > Vc

(iv) V - G(V)-* 0 V

In practice, we are generally concerned with determining G over a finite
range of Vs before any significant fragmentation of the projectile occurs.

However, in the formulation of the problem, we assume the asymptotic
property of condition (iv).

In the present paper we model the functional relationship 2s

0 V <V

G(V- c (2.1)

L s c

where X > 0, 0 > 0 and V > 0. Observe that G satisfies conditionsc

(i) - (iv) and has (for V )s Vc the form G(x) = xF(x) where

F(x) = 1-e, x > n, is the three-parameter Weibull distribution
function with scale parameter X, shape parameter $ and location parameter r.

10
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.1
In Figure 1 we show some of the many shapes the function G(x) can

assume for various values of X and 8 when n = 100. Condition (iv)
implies, of course, that the line y m x is an asymptote of G(x).
However, the second derivative G"(x) is not necessarily less than zero
for all x. Hence, as shown in Figure ld, G(x) may actually move away
from the line y - x over a finite range of x, for certain values of
X and B. However, the sign of G"(x) will eventually change and G(x)
will approach the line y a x asymptotically. This property of G(x)
is one of the characteristics which makes it a versatile model for fitting
penetration data.

3. ESTIMATION PROCEDURES

The three unknown parameters X, 8 and V in the model given by (2.1)

can be estimated by the use of a nonlinear programming algorithm. A
program, given in Appendix A, utilizing Marquardt's method [5] for
nonlinear least squares has been developed by AMSAA for this application.
Estimates of X, 0 and Vc are determined as values X, 8 and Vc, respectively,

which minimize the root mean square error.

ERMS = [Vr - G (Vs)] )

where the summation is taken over all N pairs (V Vr) such that
V >0.

r

The estimates X and 8 are determined by this procedure with the
constraint that they be greater than zero. Furthermore, to utilize
the information associated with observed residual velocities that are
zero, we perform 'his optimization with the additional constraint that
a < V < b, where a and b are inputs to the program.

c

Marquardt's algorithm, which is an unconstrained optimization
technique, has been modified to accommodate the constraints on X, 8
and Vc. In most cases the algorithm converges to the solution within
very few steps. If satisfactory results are not obtained by use of this
method, one may elect to use another scheme such as those programmed by
"Wortman [6].

Regardless of the method employed to determine optimum values of
the parameters, preliminary estimates Xi', 80 and V0 must be established.ul c
Discretion should be exercised in order to determine the interval [a,b)

in which V is constrained to lie. It is often feasible to choose a to be
b¢
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the highest striking velocity for which the projectile did not perforate
the target and b chosen to equal the lowest striking velocity for which
perforation was achieved. Once this interval has been determined an
initial estimate V0 may be arbitrarily chosen within the interval.

c
With this choice of V0 the equation (2.1) can be linearized to yield

in In =ln(X) + ain(V .V .

In most cases initial estimates X* and $* within the feasible region may
be then obtained by using linear regression.

In Appendix A we i'lustrate the application of these procedures
and the versatility of the model using several sets of penetration data.

4. COMPARISON OF WEIBULL AND HYPERBOLIC MODELS

In a recent study [3] published by the USA Ballistic Research Laboratories

the hyperbolic model V2 = AV2 + B was used to analyze the residualr s . ;

velocity of right circular cylinders after perforating doron body armor
material. The cylinders considered in this study were made from 01 Tool
Steel and heat treated to a hardness of Rc 29 + 2. The hyperbolic model was

'1 fitted to eight sets of penetration data from 2, 4, 16 and 64 grain cylinders
at 0" and 450 obliquity.

We fitted the Weibull model to the eight sets of data considered

in the above report and compared the results to those obtained from
the hyperbolic model. These comparisons, with the fitted curves, are
given in Tables 1-8 and Figures 2-9, respectively.

In four cases the ERMS's were slightly different for the two models
(the hyperbolic ERMS's being lower in three of ,'ese cases), while in
the other four cases the ERMS's for the Weibull j.,odel were significantly
lower. Also, note that the hyperbolic nmodel, in several cases estimated
"V lower than what one would expect based on the data. For example,

i-' cconsider the case of 2 grain steel at 45 degrees obliquity. The hyper-
bolic model estimated V ac 530 m/s, but the experimental data had non-

C
perforations for striking eliocities as high as 629 m/s and perforations
for striking velocities only as low as 605 m/s. The Weibull model esti-
mate of V in this case is 607 n/s.

c

5. CONCLUSIONS

The Weibull mode- providt. a versatile form which may be used to
represent the relationship between the striking velocity and the resid-
ual velocity of a projectile fired into some target material. This
model compares favorably witn others proposed for this application.

13
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t
In particular, it provides zore satisfactory estimates of thA critical
velocity.L

To date, 'this model .Fs been used only to fit individual sets of
data for which all cenditions other than the striking velocity are
held constant. No attempt h~s been made to physically iiuterpret the

,1 values of the parameter estimates or to interpolate between test con-
' ditions. A model with those capabilities is needed for use in vulner-

ability and effectiveness models.

1 1
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TABLE J

* 2 GRAIN STEEL RT CIRCULAR CYLINDER INTO
STANDbRD DORON AT 0 DEGREES OBLIQUITY

2
HYPERBOLIC PODEL VR =-1533RR.9 + .5474 VS

CRITICAL VELOCITY 529.4 M/S

FRROR-RMS 24.1 M/S

V. I .36929
S ,EIBULL MODEL VRVS I -EXP(- .o96(VS- 545.71 )

CRITICAL VELOCITY = 545.7 MIS
EHROR-RMS = 28.0 M/S

STRKI • EXPERIMENTAL DATA

STRIKIRG RESInUAL STRIKING RESIDUAL
VELOCITY VELPCITY VELOCITY VFLCCITY

,.M/S 00/S M/S M/S

492zoO .0 524.0 .0

533.0 .3 537.0 C.
')38,0 .0 550.0 .

554.0 .0 547.0 76.0
551.n 0n. 555.0 98.0
561.0 63.0 607.0 181.0

659.0 299.0 671.0 309°0
713.0 374.0 794.0 455.0

888.0 52P.0 960.0 594.0

986.0 6 36,0 103lo0 654.0

71068.0 695.0 1135.0 750.0

11 76.0 7A9. 0 1250.0 836.0
1342.0 902.0 1412.0 984o0
1461,0 10oRa-o 15 3 4 f 1048.0

IS
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TABLE 2

4 GRAIN STEEL RT CIRCULAR CYLINDER INTO

STANDARD DORON AT 0 DEGREES OBLIQUITY

2 
2

HYPERBOLIC MODEL VR -- 119248.1 .6556 VS

CRITICAL VELOCITY = 426.5 M/S

ERPOR-RmS 29.9 MIS

s44043

WEIBULL MODEL VR/VS = I-EXP(- .0777(VS- 421.2) I

CRITICAL VELOCITY =421.2 M/S Iv

ERROR-RMS :34.7 M/S h

EXPERIMENTAL CATA

STRIKING RESIDUAL STRIKING RESIDUAL

tVELOCITY 
VELOCITY VELOCITY VELOCITY

"i U/ " S M/S m /S

S2 91.0 .0 308.0 *0

402.1f .0 423.0 .0

431.0 .0 431.0 .0

441.0 .0 446.0 00

447 *0 10 424.0 75 o0

43600 125.0 451.0 97.0

4615, 0 44.0 466.0 141.0

478.0 145.0 48690 110,0

509.0 199.0 537.0 242.0

585.0 316.0 597.0 320.0

607.0 336.0 622.0 360.0

657.0 3 97.0 66 2.0 4 5o00

689.0 44390 7T3.0 535.0

7 9 2 90 5 9;5 .0 80 7 .0 9,6 9 .0

,e 8 7,0 sp l.O 879.0 638.0

""9 
01O . 0 6 6 3 . 0 9 7 5 . 0 7 2 l o0

- 9 9 6 . 0 73 6 90 1 0 27 . 0 7 6 8 . 0

S1037.0 
776*0 1067.0 794.0

1116 .0 83 3.0 1143.0 851.0

11l 9 1. 0 8q4. 0 1247 ,0 945,0

1283o0 974.0 1290.0 969,0

1297.0 1002.0 1306.0 990.0

1341.0 I031.0

I

17
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TABLE 3

16 GRAIN STEEL RT CIRCULAR CYLINDER INTO
STANDARD OORON AT 0 DEGREES OBLIQUITY

2

HYPERBOLIC MODEL VR -58815.3 e .7782 VS

CRITICAL VELOCITY = 274.9 M/S
ERROR-RMS = 15.3 M/S

! *.31345

*- kEIBULL MODEL VR/VS = I-EXPI- .2440(VS- 309.1)

CRITICAL VELOCITY = 309.1 MIS
ERROR-RMS s 16.1 MIS

EXPERIMENTAL DATA

STRIKING RESIDUAL STRIKING RESIDUAL

VELOCITY VELOCITY VELOCITY VELOCITY

It M/S V/S M/S MIS

282.0 .0 284.0 .0

287.0 .0 312.0 96.0
322.0 120.0 349.0 170.0

397.0 236.0 477.0 333.0

537o0 404.0 615.0 482.0

693.0 562.0 773.0 656.0

874.0 747.0 881.0 756.0

953.0 80Pf.0 1037.0 802.0

1109.0 940.0 1195.0 1024.0

1251.0 1069.0

19
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TABLE 4

64 GRAIN STEEL RT CIRCULAR CYLINDER INTO

STANDARD DORON AT 0 DEGREES OBLIQUITY

192.3
HYPERBOLIC PODEL VR -31554.4 + .8533 VS

SCRITICAL VELOCITY =192*3 M/S

IERROR-RMS =17,6 M/S

.26Z32

WEIBULL MODEL VR/VS = I-EXP(- .4322(VS- 245.0)

CRITICAL VELOCITY = 245.0 M/S

ERROR-RMS 16.A M/S

EXPERIMENTAL CATA

STRIKING RESIfDUAL STRIKING RESIDUAL

VELOCITY VELOCITY VELOCITY VELOCITY

M/S M/S M/S mIS

193.0 .0 208.0 .0

223.0 .0 228.0 .0

249.0 121.0 250.0 118.0

217.0 163o0 277o0 200.0

278.0 160.0 300.0 200.0

308.0 240.0 309.0 203.0

314,0 260.0 326.0 222.0

384.0 293.0 461.0 418.0

551.0 479.0 554.0 488.0

633.0 55P.0 635.0 543.0

635.0 560.0 707.0 638.0

809.0 728.0 927.0 843.0
989.0 899.0 1153.0 1043.0

21
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TABLE S

2 GRAIN STEEL RT CIRCULAR CYLINDER INTO
STANDARD DORON AT 45 DEGREES OBLIQUITY

HYPERBOLIC MODEL VR s-114876.9 + .4091 VS

CRITICAL VELOCITY = 529.9 M/S
ERROR-RMS = 51.3 M/S

.25822
WEIRULL MODEL VR/VS 1-EXP(- .1656(VS- 606.91

CRITICAL VELOCITY = 606.9 M/S
ERROR-RMS 40.7 M/S

EXPERIMENTAL DATA

STRIKING RESIDUAL STRIKING RESIDUAL

VELOCITY VELOCITY VELOCITY VELOCITY
m/S MIS m/S M/S

544.0 .0 561.0 .0
577.0 .0 587.0 .0
587.0 .0 600.0 .0
601.0 .0 609.0 .0
615.0 .0 617.0 .0
621.0 .0 629.0 .0
605.0 72,0 607.0 5io0
620.0 140.0 628.0 170.0
632.0 194.0 635.0 235.0
636.0 183.0 657.0 192.0
671.0 20A.O 678.0 184.0
680.0 217.0 714.0 361.0
740.0 378.0 781.0 418,0

855.0 413.0 863.0 529.0
" 877.0 421.0 901.C 525.0

931.0 497.0 960.0 526.0
1018.0 574.0 1067.0 619.0
1078,0 595.0 1172.0 644.0
1209.0 696.0 1221.0 679.0
1235.0 698.0 134L.0 780.0
1414.0 839.0 1457.0 167.0

23
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TABLE 6

4 GRAIN STEEL RT CIRCULAR CYLINDER INTO
STANDARD DORON AT 45 DEGREES OBLIQUITY

2 2
HYPERBOLIC MODEL VR -72019.2 + .5039 VS

CRITICAL VELOCITY = 378.1 M/S
ERROR-RMS 2 55.2 MIS

.20376
WNEIBULL MODEL VR/VS = I-EXP(- .3015(VS- 494.3)

CRITICAL VELOCITY = 494.3 MIS
"ERPOR-RMS = 40.9 MIS

EXPERIMENTAL DATA

STRIKING RESIDUAL STRIKING RESIDUAL
VELOCITY VELOCITY VELOCITY VELOCITY

MI•S MIS MIS MIS

423. .o0 437.0 .0
454.0 .0 459.0 .0
467.0 ,0 474.0 .0 .

4756 0 3 0 680.0 .0
48l.,0 .0 483.0 .0
483.0 56.0 495.0 134.0
497.0 123.0 505.0 148.0
536.0 204.0 575,0 275.0 :

S629.0 366.•0 671.,0 411.0

688.0 428.0 717.0 459.,0
799.0 544*0 840,0 585.0

•919.0 646.0 1002.0 694.0

1171.0 787.0 1285.0 866.0
1299.0 872.0 1340.0 893.0
1348.0 912.0
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TABLE 7

16 GRAIN STFL RT CIRCULAR CYLCNDER INTO K>
STANDARD DORON AT 45 DEGREES OPLIOUITY

2•

HYPERROLIC MODEL VR = -50639.3 + .A889 VS

CRITICAL VELOCITY 271.1 M'IS
ERROR-RMS = 35,q M/S

.28592

WEIBULL MODEL VR/VS = t-EXD(-- .2515(VS- 323.31 1 1
CRITICAL VELOCITY= 323.3 MIS
ERROR-RMS 26.6 M/S

EXPERIMENTAL DATA

STRIKING RESIDUAL STRIKING RESIDUAL
VELOCITY VELOCITY VELOCITY VFLOCITY

F/S MIS M/S M/S

302.0 .0 304.0 .0
304.0 .0 313.0 .0
"324.0 .0 315.0 38.0,'A
324.0 78.0 327.0 90.0
335.0 q6.0 335.0 O0.C
348.0 111.0 370,C 169.0
408.0 234.0 433.0 278.0
486.0 367.0 508.0 361.0
545.0 3q3.0 567.0 421.0
587.0 441.0 665.0 518.0 A
699,0 549.0 797.0 639.0

"". 859.0 6q3.0 905,10 734.0
955.0 772.0 964.0 778.0

S979.0 7q1.O 1005.0 11.0
1026.n 834.0 1138.0 90.0
1L54.0 935.0 1207.0 q44.0

'tit. 1227.0 994.0 1234.0 990.0
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TABLE 8 1
64 GRAIN STEEL RT CIRCULAR CYLINDER INTO

STANOARD OPRON AT 45 DEGREES OBLIQUITY -

2 2
HYPERBOLIC MODEL VR = -15795.6 .7q50 VS

CRITICAL VFLOCITY = 141.0 P/S i
ERROR-RNS = 38.2 M/,S

WFIARULL MODEL VR/VS I.-r:XP(- .6628(VS- 240.01 812o,

CRITICAL VELOCITY = 240.0 M/S
FRAOR-RMS 11.9 M/S

EXPFRtPMENTAL DATA 1

STRIKING RESIDUAL STRIKING RESIDUAL
VELOCITY VELOCITY VELOCITY VELOCITY 1

MIS M/S mIS MIS

211.0 .0 212.0 .0 1
2 1.0 .0 215.0 .0
225.0 77.0 233.0 64.0
243.0 120.3 244.0 116.0

271.0 162.0 2765.0 165.0 1

334.* 2qO.0 379.0 290.0 _
383.0 362.0 451.0 412.0
535.0 496.0 626.0 576.0
674.0 59ft.0 733.0 644.0
790.0 671.0 792.0 697.0 1
852.0 755.0 904.0 803•0 .

t 967.0 859.o 1013.0 902.0
1067.0 94R.0 1114.0 987.0 !
1159.0 1028.0 1203.0 1042.0

I A
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Appendix A

A FORTRAN computer program has been prepared to provide estimates
of the parameters for the Weibull model described in this report. The
program was written for use on the Ballistic Research Laboratories
computers, BRLESC I and II. The program utilizes 16K memory locations.
The CALCOMP plotter package is used to provide plots of the data and
fitted curves.

The required input is as follows:

Columns
Card 1 1-79 Alphanumeric string used for title

80 The symbol "
Card 2 1-10 Minimum value for critical velocity

11-20 Maximum value for critical velocity

Card 3 1-10 Striking velocity
11-20 Residual velocity K'

Repeat Card 3 as necessary to complete the data set. Follow the
last Card 3 with a blank card.

After execution of the computation for a data set the program
returns to read card 1 for another set.

A listing of the source program is provided on the following pages.
To provide several samples of output and also to demonstrate the flex-
ibility of the Weibull model the output from several data sets is also
included. These data were obtained from firings of a 90 percent tungsten
spheriod weighing approximately 7 grains. The firing conditions include
two target materials, two thicknesses, and two angles of obliquity.
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PRCGRAP' WBLRV WBLRV I
COMMPON /HP'X/ HMAX, 1491N SR
CIPENSION VS(lOO)v VR(100), ZIIOO,21, A(2931, C131, R(10019 WBLRV 3
1AF(I00lt SIG(31, T(31, ITLIA)t F410019 T1X319 TY13) WfiLRV 4
DIP-SION XZ(201, VZ(201 WOLRV 5
EXTERNAL. VR WBLRV 6
DATA TMl), rXt2le TY(l), TY(2) /1OI4STRIKING Vt SHELOCI1'Y v IOHRESWOLRV 70
1I0LAL , SHVELOCITY / i TX1319 TY43) 14HI4/S>t 4HMI'S>/ WSLRV BD
IiNNUI WRLRV 9

1 REAC 45,1,11 (ITL(I),I-Ile) WSLRVIOR
%RITE 169131 (IIL(I),Iu1,8)1 WBLRV1II
REAP (S.16) HMINqHMAX WOLRV12R
WRITE (6,181 HPINtHPAX WBLRV13W
"=I1 WOLRV14
NZ -C WOLRY15

2 REAC (5,121 VS1P)@VR(M) WBLRV16R
IF (VSV').LE.O.) GO TO 4 WBLRV17
IF (VRI!').LE.O.) GO TO 3 WOLRVI8
IF (VS(m).L.E.t1PIN) GO TO 3 WBLRV19
00 M 1 WBLRV20

GC TC2 WBLRV21
3 NZ-Nl.1 WBLRV22

xZ 1P42 vs rpq WOLRV23
YZ(V'.Z)zv~~tml WBLRV24
GO TC2 WBLRV25(Ip WALSOiY(SVRM LRV26
IF (NZ.GT.C.) CALL SORTXY (XZYZNZ) WBLRV27

no 5 KsII'OLV3
F(Kl=ALOG(ALCGIVS(KI/lVS(N)-~VR(K3)l I WBLRV31

14KII-1.WBLRV32
Z(K.2luALCGI(eS(K)-H) WOLRV33

5 CCNTINUS WBLRV34
IF (M.^T.21 GO TO 6 WOLR V35
WIRITE 76917) M4 WBLRV36Wi
GO TO I WOLRV37

6 CALL CENLSQ (Z,100,FMA,2,2,CRAF,FRMS,SIG,T,OET,1) WOLRV38
00 7 1=100~ WOLRV39

V I F(IlaVRIII WOLRV40O
Z (1,1l)VS(I) WBLRV41,

7 Z(I,2)&VolI) WOLRV42
C(3)uCI2) WOLRV43
C(2)EXPIC1 1)1 WBLRV44

SC(1)mH WOLRV45
WiRITE (6.19) IM1I),Ia13) WBLRY46W
CALL #4RQLS IVRE#4,FZC,2,#4,10O,93,ERMS,SIG,R,AF,.lE-5,.1E-3) WBLRV47

XC(2) WOLRV49
=C( 1)WBLRtVSO

WRITE (69201 HXLBERMS WOLRVSIW
w RITE (6,211 WOLRV52W

IF INZ.GT*01 WRITE 461l5i (XZfI),YZII)v,1vNZ) WBLRV53W
DO 9 S' WOLRV54

8 WRITE (6#141 VS(IIVR(I),AF(I),R(I) WBLRV55W
Y#4AXal5CC. WOLRV56
YSaYMAX/f * WBLRV57
XOR-O. WBLRVSS
XMAXAXQR+Eo*YS WOLRV59
C ALL PLTVG ('VSVR,MXORtf).,YSYSTX,TY,2,5,INN,ITLI WRLRV60
IF (NZ*GT*O) CALL PLTCCD fZ,StXZ(1)vYZ(11tNZ) WBLRV61

VS(1)zH WOLRV62

.---- xo WBLV6



4 tXa.C25*YS WBLRV64.
lot, WBLRV65

9 VSAV-VR(I)+DX MOLR466
YSIOVS(I)D WBLRY6
IF IVST.G1.XPAX) GO TO 10 WBLRV68
13101 WOLRV69
VS41loVST BR?

VRIIaVSI)*4.-EXI-X*(VSII-)**bI WLRV71

VSAVUVA(I) WuLRVl2

IFOR (VSA 1,3Ox,4AX)O TO,3lO,9/ WOLRV74

GoR'Tc I WO,2F14.7

11 FORMAT (2F1C.)WAR7
12FORMAT 151'OCPL,32H AAPINS-I OIT WBLRVOO
13FCROAT (?C*3X,534CRIIICXAL EOCIYI CNTAIqO H NTRj FWOLRV81
14 ,FORMAT ?X, 3HT F.l) ,S 'I.I)wLRV62
15 FCROAS,12CXLF14IIA ETPTS,1),XF~. WBLRV83
ItFORMAT (2FC.,51FNLETUTSF213,F06F.I/ WBLRVk9O

21 FORMAT (2e,4H STRIKINCHDAT REINSIDUAL OMPROTTETD O F /WOLRV85
10 FORMAT LCX,5IIIY CA VEIOCITY/l IS4 LLXWSTRI T/H)ITRA FWBLRV86
ENO7./CX3T IIE9HP/./ BLRV93-

CCP'PCN HV!LCI/ VELCAX/1X#i1Xv311/ WBLEV92

DIPENSION 81K), X10), PIK) VREM 3

IF (6181).LT.7MIN) BI1)sHPIN VREM 5
XPuX(I )-P(Il VREM 6
IF IXP.GT.O.) GO TO I VREM 7
FuC. VREM 8
GOC IC 2 VREM 9

I XPt.=ALOG(XP) VREi 10
XPe=EXPIPI31*XPL1 VREM 11
EX-EXP1-8f2 )*XP8) VREM 12

FzXI1*(1-EX)VREN 13
2 IF(IC.NF.C1 PETURN EN1

IFtrP*GT.C)GC 70 3 VREH 15
P(111.0. WREM 16
P12)-C. VREM 17
P1 3)mC. VREM 18
RE7LRN VREM 19

3 PM1--EX*Xf11)*B121*8f31*XP8/XP VREN 20
P12)-X11)*XPP*EX VRE" 21
P1 3)wP(2)*Ri2)*XPL VREM 22
AE7LRN VREM 23
ENO VREM 24
SUBROUTINE e'RQLS IFORMYXR,,.,NNMAXK,FRMS,SE,Rt,F,TAU,EPSI MRQLS 1

*OWPNSION YIN), X(NMAXP), B1K)t SEIKI, RIK), FIN) MROLS 2
DIMENSION A120920)t SA(20@20), P(2019 V(10), G120)t SG(2O) MRQLS 3
GNI:1~c. I4RQLS 4
ICI-O MRQLS 5
XL*.O1 94RQLS 6



I ICuC MRQLS 7

STEPat. 0ROtS 8

ICY-ICT~l NRQ& S 9
PI4I~O.4RQLSIO

PC0120i1.20 HRQLSII

CC 2 Jul.20 
MRQLS13

2 Af1,J~uO. 
MRW14I'

Do 9 Iwl.W MRQLSI5

CC 3 Jml,V 04RQ S 16

3 (JIUEIIVJ) RL1

CALL FORM (P*V*FfI19Po!CP9K) RLI

PHI'EPHI*RII I**2 MRQLS20

CC 4 JuI.I( 
MROLS21

G(J)-GfJ)4R(I )*P(J1 MROLS22

DO 4 L=Jti( 
MROLS23

4 AJ,L ):A( Jvt. P(J)*F(LI MROLS24

sChNTINWE 04RQL S2 5
ERPSSQR~PNI/LOA~N))MRQLS26

OC 6 1=199 MROLS27

SEiI)uSQR1(A(IvI1)) MRQLS28

CC 7 [sllg 
MROLS30

Dc I Jz=5 14RQLS31

A1I,J1hAfIJ)/(SE(I1*SE1J)) MRQLS32

IF (I.GT.I) AIJ,I).AIIJ) MRQLS33

7 CCTINUE 
PiROLS34

D0 F 1-1,9 
MRQLS35

SG411mG(I) MROLS36

00 0 avisX MRQLS37

8 SAII,JI'AfIvJ) 
MRQLS38

tIcal MRQLS39

XLP2XL/GNL MRQLS40

q Dc i Ic 1219 #RQL S41

IC Al II)uvA(II)4XLM MRQLS42

CALL PATIN4V (AtKtGt20,l9DET) MRQLS43

IF fCET.0.eO.1 GO TO 17 NRQLSA4

11 00 12 Ixl.K MRQLS45

12 G(I).8(I)+SIEP*fG(I)/SE(I1) 
MRQLS46

PHILmO. 
MROLS47

CC 14 IuIN MRQLS48

DO 13 JzlvP HRQLS49

13 V4J)=XfI*J) 
MROLSSO

ICALL FORM (G.V#F(I),ptIC*McK1 MRQLS5I

R(I)wY(I)-FfI) MRQLSSZ

l4 PHILmPHIL011I *02 MROLS53

JGO TO (15719)9 IC MROLS54

15 IF IPHIL-PHI) 16916917 MRQLSSS

16 XL-XLP 
MRQLS56

GO TO 25 MRQLSS7

17 DO 18 1.15g MRQLS5B

G(I1I)SG( I1 mROLSS9

CO 18 ~JUlK MROLS60

18 AfIIJ)=SA(IJ) MRQt S61

IC22 
MRQLS62

XLMzXL 
Nft0LSE3

GO YC 9 
MRQLS64

19 IF (PHIL-PHI) 25,25,20 MRQLS65

2C IF (STEP.LTole) GC 70 ?4 36 MROL S66

* .*-.-*-lip,



-- --- -

IF (XL.-f,.GL*GNUI GO TO 22 MRQLS67
21 XLzXL*CL MROL S 68

22 GNCRP2zG. P4RQLS7C
CNCRM2-Co M RQLS71
COTBC. MRQLS72
DC 23 tali%( MRQLS73
GI*SG(11*SEtJJ NROLS74

OlaG~l-HI) 9RQLS75
DO1=OCT*Gt*O1 MRQLS?6
GNCRM2zqCRP'2+GI*GI MRQLS77

23 NCR?02zrtCRP2,w' 1*OI 1 14QL S 7
23 CI*DC!/SCRGNCRP2*CN,3RM2) MRQLS79

24 IF (OCT.LE..7C1I) ý-C TO 21 MRQLS8O
STEP=.5I*STEP MROLStl

Gc 7 it MRQLSe2

25 c CC 26 i,, 1=1KRQ1S81
IF GO TO 2q MRQLSe4

2k~ CCNTINUE MRQLS85
27 ERPS=SQRT(PHIL1FLOAT1N)) MRQLSe6

CC 28 IzI,K MROLS87
20 841)=GMI MROLSE8

RETURN MROLS89
29 CC 3C 1=19K MROLS90

IF 4IC7.t.T*5C) GO TO I MRQLS92
GO 'TO 27 MRQLS94

C MROLSS5
31 FCRPmAT t(WC,19RHFAILEC TO CO1NVFPCt) MRQLS96

ENC MRQLS97-
SUORCL'TINE PITYG IEYNtxCIR,YOKXSYS,TKTYPNSINN,!TL) PLTVG 1
CIP"NSICN XIN), Y(N), TX(?), TY(2), B(5000), XC(2)v YC(2)9 ITUB) PLTVG 2
IF (IIN.NENF*) GO TO I PLTVG 3
CALL PLTCCP (l2.,1,8(flvHICOC)) PLTVG 4
ICI=2 PLTVG 5

1 I-ICT+1 PLTVG 6
IC1I-MCV41I 3) PLTVG 7
IF UTCr.EC*Cl CALL PLTCCP PLTVG 8
XBzI. PLTVG 9
YS=1 .+9. 5*FLGA1 IICT) PLTVG10
CALL PLTCCS I8Y,,)1.. PLTVG1I
CC 1 I-x1,2 PLTVG12

A XPaIC.5*FL0A11I-1) PLTVG13I
DC 2 J-1,2 PLTYG 14
YPzP.*rLCAT(J-1) PLTVG15

XCII)-XP PLTVG16I
XC(2)-XP PLTVG 17
'VC(I )=YP-.25 PLTVG18
YCI2)=YO,.25 PLTVGIq
CALL PLYCCD (IIOXC(I),VC(l)v2) PLTVGZO
XC(I) =XP-.25 PLTVG2 1

XCI2)-XP+.25 PLTVG22
YC II) YP PLTVG23I
YC(2)-YP PLTVG24

2 CALL PLTCCO (lo,XC(IhYC(1I)2) PLTVG25
3 CO#NINU: PL TVG26
CALL PITCCT (.5T(IJ,.4,7)PLTVG27
CALL PLICCT (.15pTYII),l.90..9*93.) PLTVG28
CALL PLTCCI .OILIO..,.,T PLTVG29

XBXB41.5PLTVG30 37,v
r A



I ~PLT'VG31
CALL PLTCCS fX9,Y3,KORqYOftXS'YS) PLTVG32
XMAXUXOR+@.*)gS PLTVG33
YMAXaYOR~e.*VS PLTVG34
CALL. PLYCCA IXSqYSXOR*XMAXvYORvYMAX9O) PLTVG35
CALL PLTCCD (14,NSE()II)O ,NI PLTVd36

CALL LABELA (XS9YS*XORtXMAXYOR9YMAXvI.9I.) PLTVG37

REUNPLV3IN LTG9
COPL DIIGWS9L

*l.
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TABLE A-1

.45 GM TUNGSTEN SPHEROID INTO .15 CM
ALUMINUM AT 0 DEGREES OBLIQUITY

CRITICAL VELOCITY IS CONSTRAINED TO THE INTERVAL FROM 243.8

TO 310.0 M/S.

WEIBULL MODEL VC MIS LAMBDA BETA ERMS

INITIAL ESTIMATES 243.8 .246400 .328262

FINAL ESTIMATES 29?.0 .504504 .222161 13.0 1

STRIKING RFSIDUAL APPROXIMATION ERROR

VELOCITY V=LOCITY
M/S M/I M/S MIS

243.8 .0
302.4 153.0 152.1 1.0
355.7 246.3 253.0 -6.7
363.3 ?27.0 262.0 9.0
373,4 253.3 273.4 -20.1
374.9 266.4 27i.L -8.7
399.9 321.3 302.2 19.1
422.8 319.? 325.9 -7.7
976.9 890°9 862.8 18.0

1026.3 905.9 910.4 -4.6
1033.3 921.7 917.2 4.5
1036.6 940.3 920.4 19.9
1494.o 1371.6 1363.3 8.3
1501.4 1353.0 1370.4 -17.4
1547.2 1400o6 1414.9 -14.3
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TABLE A-2

.45 GP TUNGSTEN SPHEROID INTO .32 CM
ALUMINUM AT 0 DEGREES OBLIQUITY

CRITICAL VELOCITY IS CONSTRAINED TO THF INTERVAL FROM 343.5
TO 460.0 MIS.

WEIBULL MODEL VC M/S LAMBDA BFTA ERMS

INITIAL ESTIMATES 343o5 .426603 .214394

FINAL ESTIMATES 343.5 *333039 .253525 40.7

STRIKING RESIDUAL APPROXIMATION ERROR

VELOCITY VELOCITY
mIS M/S M/S 4/S

343.5 .0
456.9 379.5 305.6 73.9
526.4 307.9 375.2 -67.3
623.3 423.1 468.0 -44.9

899.2 719,7 127.1 -8.3
915.3 166.0 142.2 23.7 L I

r 920.8 770.5 747.4 23.2
1524,0 1326.? 1318.0 8.1
1531.6 1322.2 1325.3 -3.1

[1
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TABLE A-2

.45 GP TUNGSTEN SPHEROID INTO .32 CM
ALUMINUM AT 0 DEGREES OBLIQUITY

CRITICAL VELOCITY IS CONSTRAINED TO THF INTERVAL FROM 343.5
TO 460.0 MIS.

WEIRULL MODEL VC MIS LAMBDA BET4 ERMS

INITIAL ESTIMATES 343.5 .426603 .214394

FINAL ESTIMATES 343.5 .333039 .253525 40.7

* I
STRIKING RESIDUAL APPROXIMATION ERROR
VELOCITY VELOCITY

MIS MIS M/S MIS

343.5 .0
456.9 379.5 305.6 73.9
526.4 'O7.R 375.2 -67.3
623.3 423.1 468.0 -44.9
899.2 71R.7 727.1 -8.3
915.3 766.0 742.2 23.7
920.8 T70.5 747.4 23.2

1524.0 1326.2 1318.0 8.1
1531.6 1322.2 1325.3 -3.1

S 1 '4r1



'FABLE A-3

o45 GM TUNGSTEN SPHEROID INTO .15 CM
MILD STEEL AT 0 DEGREES OBLIQUITY

CRITICAL VELOCITY IS CONSTRAINED TO THE INTEI /AL FROM 343*5
TO 380,0 M/S,

WEIBULL MODEL YC M/S LAMBDA BETA ERMS

INITIAL ESTIMATES 343.5 .213101 .292740

FINAL ESTIMATES 358.1 .291155 .244159 56.8

STRIKING RESIDUAL APPROXIMATION ERROR
VELOCITY VFI.OCITY

M/S MIS M/S M/S

281.6 .0
305.4 .0S316,5 .0

314.1 .1
343.*5 .0
365.5 138.4 138.0 .3
388.3 IA3.8 189.5 -5.7
391.4 204.2 194.1 10.1

410.3 208.2 219.3 -11.1
559.3 370.9 366.1 4.8
"883.6 711.4 653.2 58.2
920.8 710.2 686.0 24.2
920.8 696.8 686.0 10.8
961.6 780.0 722.2 57.8
989.7 755.3 747.0 8.3

1026.3 596.1i 779.5 -183.0
1524.0 122Ro0 1226.2 1.9
1531.6 1257.9 1233.1 24.8
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TABLE A-4
S.45 GO TUNGSTEN SPHEROID INTO .32 Cm

MILD STEEL AT 0 DEGREES OBLIQUITY

CRITICAL VELOCITY IS CONSTRAINED TO THE INTERVAL FROM 515.7
TO 530.0 MIS.

WEIBULL MODEL VC MIS LAMBDA BETA ERMS

INITIAL ESTIMATES 515.7 .10805T .324210

FINAL ESTIMATES 515.7 .089492 .356297 29.0

STRIKING RESIDUAL APPROXIMATION ERROR
"VELOCITY VFLOCITY

MIS NIS M/S MIS

515.7, .0

520.9 92.4 77.5 14.9
598.9 229.2 210.3 18.9
603.5 189.0 215.1 -26.2
607.2 239.0 219.0 20.0
873.3 389.5 451.2 -61.6
909.8 511.1 481.2 29.9
934.8 502.9 501.7 1.2

1479.5 942.1 954.0 -11.8
1516.4 1025.7 985.2 40.4
1511.6 982.1 99P.2 -16.1
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TABLE A-S
.4

e45 GP TUNGSTEN SPHEROID INTO .15 CM
ALUMINUM AT 45 DEGREES OBLIQUITY

CRITICAL VELOCITY IS CONSTRAINED TO THE INTERVAL FROM 266.4 I
TO 410.0 ,/S.

WEIBULL MODEL VC M/S LAMBDA BETA ERAS

INITIAL ESTIMATES Z6b64 .034665 .593401

FINAL ESTIMATES 266.4 .028704 .623741 62.9

STRIKING RESIDUAL APPROXIMATION ERROR j
VELnCITY VELOCITY

M/S M/S MIS M/S

266.4 .0
404.8 226.5 187.3 39.1
46R.8 297.2 255.6 4.1.6
480.7 2R9.0 268.2 20.8
507.2 254.2 296.4 -42.2
584.9 238.4 379.3 -14G.9
907°. 804.7 ?26.9 77.7
996.1 868.4 823.5 44.9

1417.6 1285.0 1279.7 5.4
171Lo2 119709 1444o7 -46*9

-I
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TABLE A-6 L

.45 GP TUNGSTEN SPHEROIO INTO .32 CM
ALUPINUP AT 45 DEGREES OBLIOUITY

CRITICAL VELOCITY IS CONSTRAINED TO THE INTERVAL FROM 482.2
TO 60O.0 MIS.

NEISULL MODEL VC M/S LAMBDA BETA ERMS

INITIAL ESTIMATES 4P2.2 .114710 ,39(246

FINAL ESTIMATES 5l.7 .13,444H3 .226746 43.2

STRIKING RFSIrnIAL APPROXIMATION FRROR
VELOCITY VFLOCITY I.

MIS MIS mIS MIS

482o2 *0

69S.9 395.6 442.0 -46*4
980o9 663,9< 629.7 34.2 ,
912*6 695.9 659 .s 36.1I:

952.5 727.9 697.4 30.5
151694 1L79.0 1217.7 -38.7

1531.6 1166.2 1231.7 -65.5
1sss.t 1322.A 1253.3 69.5

49
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TABLE A-7

.45 GP TUNGSTEN SPHEROID INTO .15 CM
MIL STEEL AT 45 DEGREES OBLIQUITY

CRITICAL VELOCITY IS CONSTRAINED TO THE INTERVAL FROM 352.3
TO 550.0 MIS.

WEIBULL MODEL VC MIS LAMBDA BETA ERNS

INITIAL ESTIMATES 352.3 .273901 .24?218

FINAL ESTIMATES 526.7 .604598 .132986 30.5

STRIKING RESIDUAL APPROXIMATION cRROR
VELOCITY VELOCITY

M/S MIS MIS MIS

352.3 .t I

541.3 316.7 3L3.1 3.6
594.1 408.1 387.9 20.2
613.3 379.8 407.9 -28.2
623.3 356.6 418.0 -61.3
658.4 430.4 451.4 -2L1O
662.6 498.0 455.3 42.7

686.4 477.9 477.0 1.0
705.6 501S 4 494.2 7.2
718.7 518.5 505.8 12.7
734.6 542.? 519.7 22.5
912.6 68SI, 672.4 13.4
923.5 716.6 681.7 3k,9
923.5 681.8 681.7 .2
949.5 723.3 701.6 19.7

1015.19 697*1 759o7 -62*6

1508.8 1178.1 1175,9 2.1
1516.4 1153.1 1182.4 -29.3
1524.0 1239.0 1188.8 50.2
1539,5 1176.2 120?.0 -25.8
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TABLE A-8

,45 GM TUNGSTEN SPHEROID INTO .32 CM
MILD STEEL AT 45 DEGREES OBLIOUITY

CRITICAL VELOCITY IS CONSTRAINED TO THF INTERVAL FROM 800.1
TO 890.0 M/S.

WEIBULL MODEL VC M/S LAMBDA BETA ERMS

INITIAL ESTIMATES 800.1 o207160 .200348

FINAL ESTIMATES A77.6 .396242 .101630 58.9

STRIKING RESIDUAL APPROXIMATION ERROR
VELOCITY VFLOCITY

M/S M/S M/S MIS

800.1
880.9 317.6 317.8 -. 2
955.5 454.2 439.9 14.2979.9 447.4 460o2 -L2.8

1516.4 843.7 810.0 33.7 (11516.4 695.6 810.0 -114.5

1539.5 903.4 824.4 79.0

5.3
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